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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTE NO, 1196

INVESTIGATIONS OF EFFECTS OF SURFACE TEMPERATURE AND
SINGLE ROUGHNESS ELEMENTS ON BOUNDARY-LAYER TRANSITION

By Hens W, Liepmann and Gerirude E. Fila
SUMMARY

The laminer boundery leyer and the position of the transition point
were Investigated on a heated flat plate. It was found that the Reynolds
nunber of transition decreases as the temperature of the plate is in—
creased. It 1s shown from simple qualitative enalytical conslderations
that the effect of varisble viscosity in the boundary layer due to ‘the
temperature difference produces a velocity profile with an inflection
point if the wall temperature is higher than the free—stream temperature.
This profile is confirmed by measuremsnts. Forthermore, it is confirmed
that even with large deviation from the Blasius condition, the velocity
and temperature profiles are very neerly identical, as predictable theo—
retically for a Prandtl number ¢ of the order of 1.0 (for air, o = 0.76).
The instabllity of inflectiom—point profiles is discussed.

Studies of the flow in the weke of large, two—dimensional roughness
elements are presented. It is shown that a boundary leyer can separate
and reattach itself to the wall without having transition teke place.

INTRODUCTION - --

The problem of boundary—layer transition has been for several years
the subject of research projects sponsored by the National Advisory
Committee for Aeronautics. One part of the problem, the question of the
stebility of laminsr flow, can be considered solved. (The problem of
laminar instability should not be confused with the problem of predicting
transition. For further details,see reference 1.) The experiments car—
ried out at the National Bureaun of Standerds (reference 2) and at the
Californie Institute of Technology (reference 3) agree very well with
the results of Lin in a very complete theoretical analysie of laminayr .
instebility (reference 4), and there is no doubt that the laminar boundsry
layer first becomes unsteble with respect to small perturbations at &
cortain critical Reynolds number R;. —-
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In the course of the experimental investigaticnse, the effecte of ex—
ternal turbulence, curvabture; and pressure gradlents on boundary—layer
treneition have been investigated. The present report treats principal—
ly investigations of two cther factors, ths effects of elevated surface
temperature and of roughness elements upcn the position of the transition
point., The investigation of effects of this kind 1s prompted partially
by practical considerations. ' The effect of roughnees elements on tran—
sition i1s a guestion of obvious importance in connection with laminar-flow
airfoils, and the effect of -an increased surface temperature on the posi~
tion of the trancition polint is of importance in connectlon with the use
of thermal de--icing equipment on low-dray airfoils.

In addition to these practical considerations, both problems ars of
interest for an understending of the general mechanism of transition.
From the investigation of laminar instebility (references2 to 4}, 1t is
clear that certain disturbances will increase in any laminar boundary
layer if the Reyndlds'number'axceeds e critical value R;. The Reynolds
nunber, Rz, at which transition sctually begins can be defined in a way
which mekes it-possible to link R, to Ry (refersnce 1). A rough es—
timate shows that, es is known from experimentsl evidence, Rp ocan be
quite large compared with Ry. The difference between Rp and R,
depends upon the magnitude of. the initial disturbances, for example, the
external turbulente lével, and upon the amount of amplification in the
instebility zone.for this particulasr disturbance. For a given Reynolds
number, the emount of amp]ification depends upon the shape of the mean—
velcelity profile.” -~ . . T

Small roughness elemerrts: introduce disturbances into the laminar
layer and thus precipitate transition. For examplo, regularly spaced
small roughnoss eléménta can-bé ‘used to iptroduce regular oscillations
in the laminar boundery layer (reference 3). If the height of the ele—
ments 1s small compared with the boundsry-leyer thickness, there 1s no
change in the mean-velocity profile and, therefore, no change, in the _
smplification zone. Most earlier work on the influence of roughness on
transition was concerned with investigations of uniformly distributed
emall roughness elements.. (See, e.8., reference 5.) The measurements
presented in the present report, however, are concerned with single,
large, two—dimensionel elements. The flow in the wake of a single _
roughness element 1s studled. ' ) .*" T S o

It should be noted that the flow in. the wake of a single large rough-
nees element in the boundary layer bears. scme similarity to "“the flow which
exists on the upper surface near the leading edge of an. airfoil .at an
angle of attack, The boundary-layer {low from the stegnation point -arourd
the nose of the alrfoil is essentially similar to flow along a surface
with a large roughness glement - (fig. 1). In Pfact, it is this effect —
namely, the separation of a boundary leyer from the well and possible
subsequent reattachment to the wall — which was of primary interest In
the roughness study.
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It is a well-known fact (e.g., reference 3) that a "free" laminer
boundary layer becomees turbulent at a much lower Reynolds number than a
normel "wall" boundary layer. Another importent question, therefore, is
whether the (laminar) separated layer becomes turbulent before reattach—
ment to the wall or whether 1t is possible for the layer to remain laminar
through the period of reattachment. This investigation was prompted by
s?me previous Interesting results on similar roughness elements (referencs
3).

The surface temperature affects the position of the transition point.
in two distinctly different ways. One is egsentislly an effect of grav—
itational forces and due to the density differences in the boundary layer;
the other effect is duwe to the dependence of ‘the viscosity of the fluid
upon its temperaturs, resulting in a chenge in the mean—veloclty profile.
The first effect has been discussed by Prandtl (reference 6) and Schlichting
(reference 7) and was experimentally investigated by Reichardt (reference
8). This effect 1s due to the fact that for a stable configura@ion in &
gravity fleld the density gradient should be directed downward (l.e.,
the denser fluid should be below). Thus air flow above a horizontal
heated plate is destabilized, since the layers close to the plate have &
higher temperature and a lower demsity. (A hot stream past a cold plate
in the seme configuration 1s stabilized.) The second effect was noted
by Frick and McCullough (reference 9),who investigated the effects of
internal heating, for the purpose of preventing formation of ice, on the
characteristics of low-drag airfoils. The viscosity of a gas increases
with increasing temperature. In laminar flow, as is shown later from
the equation of motlion, an increase in the wall temperature causes a
negative viscosity gradient outward from the heated surface, which
causes the appearance of inflection points in the boundary-layer profiles.
The instebility of inflection-point profiles is known (reference k) to
be larger than that of profiles with negative curvature throughout, and
transition is thus hastened. This transition is the effect investigated
in the present set of measurements. -

This investigation, conducted at the Californis Institute of Tecimnol-
ogy, was sponsored by, and conducted with financisl assistence from, the
National Advisory Committee for Aeronauntics. TIr. G, B. Millikan super—
vised the reesarch. The authors wish to acknowledge the contributicn of
Mr. P. 0. Johnscn, who carried out the measurements on the rovgianess
problem end designed the heated—plate wmit. Discussions with Messrs. J.
Laufer and S. Corrsin were very helpful.
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SYMBOTS - o
x distance along eurface of plate from ledding edge -
¥y distance perpendicular froh Suiface of plate
U, v local mean velocity 1n x-~ and y—directions, respectively
Uo , mean veloeity of the free ptrwvem in the x-direction
u . x~component of velocity fluptu§picgen
ue u-:j- . roct mesn square of the ‘r-velocify Fiuctuation level
U U ’ - . B - ot ’ b . Lo -_ -
o} density
1 absclute vigcoalty
q = é pUg . dynsmic pressure of the free stream i
P static pressure
v o= % - - kinematic viscosglty o ottt T
LI %%;-y Blasius' nondimensional parameter
N time . . . ; —
Ugx e .
R = —5— _Reynolds number using the_parameter x
Ry Reynolds number corresponding to lower limit of stability
Ry . Reynolds number corresponding to beglnning of transition
X distance along surface of plate to beginning of transition
T temperature, degrees centigrade
8 temperature difference between wire and air, degrees centi—
grade

Oy = Ty — Tp tomperature difference between a point in the boundary
Ioyar and th- Pro~ rbpr-sm. drapsran pentln-4a
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6y = Ty — Tr temperaturs difference between wall and free stream,
degrees centigrade . o

g = 1;; Prandtl number

€ helght of roughness element, inches o

d diemeter of two—dimensional roughness element, inches

H rate of heat loss of hot wire to Iair

A, B hot-wire constants

o temmerature coefficient of resistance of wire ___

r regsistance of wire when hested to temperature T __

rq resistance of wire at temperature of 0° C

e registance of unheated wire at temperature Ty in free
stream

Iy resistance of unheated wire at temperature T, at any
point in the heated boundary layer

'w resgletance of unheated wire at temperature Ty at the
heated wall

Subscripts Ll el

w wall

£ free strean

u point in the heated boundary layer

APPARATUS AND METHODS

Wind Tunnel and Plate Imstallation

The wind tunnel used for this investigetion was constructed at the
Colifornie Institute of Technology in 1938. It is of the Eiffel type with
a ~l6-to—l contraction ratioc. The working section is 20 inches square
and 12 feet long, end is provided with adjustable side wealls to facilitate
obtaining a constant velocity along its entire length. The power unit is
& J-horsepower direct—current motor driving a two-blade wooden fan 30 .
inches in dlameter. A sketch of the tunnel is shown in figure 2(a).
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A polished aluminum plate 1/4 inch thick and 19 inches wide was used
for this work. The plate was 6 feet long and the leading edge was beveled
to a sharp edgse.

The plate was mounted vertically in the center of the wind tunnel on
built-up grooves as shown in Ffigure 2(b). The upper surface of the tunnel
is removable in panels; thus adJustment of the upper edge of the plate to
obtain a vertical plate was facilitated. The observation panel is 1/4—
inch plate glass located on the upper tunnel surface, and 1is interchange—
able with any of the removable panels. The roughness elements used in
this investigation were wooden half-c¢ircular cylinders mounted on the
plate as shown in figure 2(c).

The heating elements for the heated—-plate experiments were mounted
on the back of the plate, placed between two thin sheets of asbestos,
and further insulated with cork backing. This resulted in a test plate
of l#-inch thickness and thus necessitated adjustment of other physical
factors in the tumnel to simulate flat-plate flow. The metbhed used to
accomplish this is discussed later in the report. The plate was heated
from the leading edge to x = 75 centimoters. Figure 3 shows the test
plate mounted in the test mection of the wind tunnel.

Description of Hot-Wire Equipment

The hot-wire technlique has been used extensively at the California
Institute of Technology, and its use has been continued in these investi-
getlonsg., All measurements of velocity fluoctuations were made with the
hot-wire apparatus, and most of the velocity profiles were obtained by
this method. (A hypodermic-nieedle total-head tube was used to verify the
hot-wire results obtained when investigating the velocity distribution of
the boundary layer on a heated plate.) The determination of the tran~—
sition point was made by means of a hot-wire anemometer and an os—
cilloscope. :

The hot wire.— The hot wire used in these experiments was constructed
of copper lead—in wires, ceramic tubing, fine sewing needles, and the
platinum wires 0.0005 and 0.00024 inch in diameter for mean-speed and
velocity-fluctuation measurements, respectively. Two copper wlres were
thrust through small holes in a 4-inch length of ceramic tubing for mean—
speed measurements and measurements of the fluctuations parallel to the
mean flow. These wires were cemented into the tubing at both ends, and
needles were soldered to them. The platinum hot wire was then soft—
soldered across the tips of the sewing needles. (The silver cover of the
0.00024—1inch Wollaston wire was removed by immersion in nitric acid before
the wire was soldered t0 the needles.)
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The 0.0005—inch wiree used for measuring mean speed were generally
ebout 3 millimeters long. Velocity fluctuations parallel to the mean f{low
u' were mesasured with a single wire about 2 millimeters long.

Mean—gpeed, measuremsnt and equipment.— For measuring mean speed, the
constent—resistance method was employed. A description of this method mey

be found in reference 10. A slight variaition of thls method was necessary,
however, when measuring the profile of the heated-plate boundary layer:
namely, the wire was maintained .at a constant temperature rise above the
lecal air stream. The measuring instruments consisted mainly of a Wheat—
stone bridge for obtelning the resistance. of the wire, and & potenti~
ometer for measuring the current through the wire or the voltage drop
acroes the wire., This mean—speed apparatus with the neceassary swliching
devices, together with the amplifier, was built into one large steel
cabinet tw minimize electrical pickup.

The emplifier.~ A four—stage altermating—current emplifier as de—
scribed in earlier reports (references 1l and 3) was used to amplify the
voltage fluctuations across the hot wires. The gain of the amplifier
was constant within 2 percent between about 5 and 8000 cycles per second.,
A standard inductance—resistance compensation clrcult was provided and
used in all turbulence measurements.

Traversing mechanism.— A complete investigetlion of the boundary layer
and of transition requires a continuous traverse with the measuring in—
strument along the plate in the direction of slr flow and normal to the
plate (in y-direction). The hot—wire cerriage as shown in figure k4 is
constructed of three aluminum legs snd a gear train with micrometer
attachment for transporting the hot wire in the y—direction. The car—
riage is moved along the tunnel on a track by a 120-~volt alternating—
current motor, and the movement in the y-directlion is controlled by a
6—volt direct—current motor. Switches outeide the tunnsel enable the
operator to control the position of the hot wire in both directions,
and substitution of a glass plate for the usual wooden top panel permits
reading of the micrometer giving y—position.

Turbulence Ievel in the Tunnel

The turbulence level in the working section is reduced by & honsy—
comb and a screen in the forward part of the wind tunnel. The honey—
comb is at the intake of the tunnel and serves mainly to smooth the very
irregular flow entering the tummel. It is of spot—welded comstructlon,
having 1/2-inch cells with a depth of Ll inches. The screen 1s located
55 inches behind the honeycomb, and 1ls & seemless precision screen with
18 mesh per inch and a wire diameter of 0.018 inch, The frec—stream

t 1 t
turbulence level in this tummel is EE 2 0,0005; = ¥_ = 0,0008.
U U
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Artificial turbulence was introduced for ons verticular phase of the
investigation on the heated plats. Strips of notebook paper 1 by 6- inches
were strung 6 inches apart on wires Just upstream of the screen. The
turbulence level in the test section was then determined to be 0.17 per—
cent, Figure 5 shows the method of mounting the peper strips; the honey-
comd was rolled away for the plcture.

Heating the Plate

The plate was heated by means of nichrome resistance wires mounted o
the back of-the flat plate. The slementa were mors closely spased nsar
the leading edge since it was evident that for a given wall temperature
the rate of heat itransfer to the boundery layer would be larger near. the
leading edge, where the gradients are larger. The temperature of the
plate was controlled by grcuping the heating elements into four separate
circuite and inserting an external varisble resistance in easch circult.
Thus the temperature gradient along the plate was made nearly zerc (see
fig. 6) by veryirg the resistance when the plate temperature had reached
equilibrium with the air flowing.

The temperature along the plate was determined by a copper—constantan
thermocouple mounted in the traversing mechanism, Readings were taken
at intervals of 5 centimeters along the plate. Voltages were read with
a Leeds and Northrup potentiometer, and the corresponding temperature
obtained from a etandsrd calibration chart. The cold jumotlon was
maintained at room temporature., The accuracy of the apperatus was detor—
mined to be in the neighiborhood of £1/2° C., A permasnent thermocouple
was Ingtalled at x = 45 centimeters for continuous observation of the
plate temperature. All heated-plate mean—speed measurements were taken
with a plate temperature of 115% C =5°, -

Figure 6 presents the temperature distribution along the heated
plate maintalned in equilibrium with a freo-streem velooity of 8.19
meters per second. Two methods were used to bring the plate to the de—
sired temperature., For the mean-specd and mean—temperature measurements,
for which it was desived to obtain equilibrium as rapidly as pcssible,
the current was applied to the heating circuite while the air in the
tunnel was etill., After approximately 25 minutes, when the plate tem—
perature had reached 120° C, the wind tunnel was turmed on and the tem—
perature of the plate was allowed to reach equilibrium with a free—
stream velocity of 8.19 metors per second. In the investigation of the
effect of heating the flat plate on the location of the transitiocn, the
tunnel was operated at the desired free—stream velocity and the variation
in the position of early turbulent bursts was noted as the plate heated
up to 1ts equilibrium temperature. The temperature as a function of
time T'or heating is shown in figure 7.
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Msasurement of Pressure Distribution

A small total-head tube made from a hypcdermic needle and a similar
small static tube, mounted together, wers used in measuring the pressure
distribution along the plate. The total-head tube was s number-20-gage
hypodermic needle flattensd to 0.0165 inch in the y—direction, and the
static tube was a 1/16-inch--diameter brass tube of stenderd design.

They were mounted in the traversing mechanlsm Just outside the boundary
layer. The pressure along the plate was measured with an alcohol ma—
ncmeter at this constant distance. Figure 8 shows the pressure dis—
tribution for both roughness and surface--temperature investigations,

For the rcughness—element tests 1t was necesassry to adjust the silde
dp
walls only slightly to obtain E; = 0, and thus to tbtaln a velocity

profile of the Blasius type., The addition of the equipment for heating
the plate, however, resulted in e plate thickness of 1z inches. This
finite thickness necessitated tunnel adJjustments to preserve Blasius?
flat—plate flow — that 1s, to obtain & negliglble pressure gradient and
to put the stagnation point on the "working" side of the plate. A trans—
verse screen near the trailing edge of the plate, which increased the
resistance to alr flow on the working side of the plate, served to solve
the problem of pressure gradient. The plate supports were adjusted to
give a slightly favorsble angle of attack to the plate (approx. 1/2°).
Then, satisfactory Blasius flat~plate flow was obtained as shown in the
velocity distributlon of figure 9.

Determination of Transition Point

The method used for determination of the beginning of transition
was that described in reference 3. This method consists in visual
observation of veloclity fluctuations messured by & hot-wire Iinstriment
and observed on the screen of a cathode-ray osclilloscope. The first
appearance of turbulent bursits — that 1s, occasional sudden changes
from a laminar profile to a turbulent profile — is taken as the tran—
sitlion crlterion.

Computation of Heated-Plate Veloclty
and Temperature Profile

For a hot-wire asnemomster the relationshlp between heat loss and alr—
speed 1s given by the well-known King equation,

HE=(A+3B JU)e
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where 6 1s the temperature difference hetween wire and fluid, and A
and B are constants for a given fluid.

In general,

end for steady state, H = 1% . Then thers can he written,

& 1.2 ————.
Sr e A+ B ST
r"ru'

A .
vhere A! = —~ and B! = ~—,
! 1‘00.3 roc,

Both A and B are functions of the sbmolute temperature of the alr,
because of apprecisble variations in the thermal conductivity and density
(reference 11). The mean—veloclty calibration of the hot wire was car—
ried out at room temperature and then, in computing velocity profiles,
the values were corrected to the temperature of the alr at each measuring
point. ,

The temperature distributlion was messured by using the hot wire as

& resistance thermometer; that is, the "cold" resistances of the hot wirse
r,, measured with negligible heating current; gives a dlrect measure of

alr temperature.
Since

re(l + afy)

and

I‘f (l + @6;7)

then .
6y Ty TP

By Ty — T

In order to get a direct comparison betwoen the velocity and btemperature
distributions, the following equation 1s plotted:
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MEASUREMENTS AND RESULTS

Effect of Surface Temperature

Mean—velocity distribution.— The mean—speed distribution in the

boundary leyer of the heated flat plate was measured using both the hot—

wire snemometer and the impact tube. During these measurements a peculiear
difficulty was encountered: General analyticel considerations, discussed
in e further section of the report, show that the veloclity proflle near &
heated flat plate should be an inflection—point profile. Also, this type
of profile is indicated in the measurements of Frick and McCullough in
reference 9. Indeed, the observed velocity profiles generally show this
behavior, as is seen in figure 10, The temperature distribution exhiblte
a behavior very similsr to that of the velocity distribution (fig. 11),
as 1s to be expected since the Prandtl number o for air is close to
unity (o = 0.76).

On some days, however, no consistent velocity profile could be
obtained. In these cases both hot—wire and impact—tube mezsurements
showed a large scatter, and no reasonsble profile could be measured.
Figure 12 shows & typical set of these measurements. Much time has been
gpent in efforte to evaluate this effect quantitatively, without much
success. Qualitatively, the process appears to be as follows: The
heated plate was mounted vertically in order to avoid complications in
the investigetion due to the Prandtl instebility, that 1s, the irnste—
bility (or staebillity) due to gravitational effects. The boundary layer
of a heated plate mounted vertically is neutrally steble with respect
to this Pranditl instability. Gravitational effects will be present,
however, so that the heated layers of air close to the surface will
have & tendency to rise. This effect probebly introduces secondary
flow into the boundary layer, especlally in the case of a comparatively
smell tunnel like the one in which the present measurements were made.
It is believed that this secondary flow causes the indefinite velocity
profiles, such as that shown in figure 11. The reasons why these sec—
ondery currents occur only a part of the time are not understood. It
maey well depend upon accidental starting conditions similar to the case
in the Pai measurements on rotating cylinders (reference 12). It is
believed that the transition measurements taken at times when the mean-
velocity distribution was found normal are not essentially influenced
by secondary motion. :

Transition point.— The transition point was determined as a function
of the surface temperature for two values of the free—stream turbulence
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level, %1 = 0,05 and O0.17 percent. The rosulie are prersented in fig—
o

ure 13, where the distance of the trausition point from the lesding edge

of the plate is plotted as a fimction of the surface temperature., The

offect is cbviously gquite pronounced; with increasing temperature the,

transition point moves closer to the leading odge of the plate. The

same results are replotted in figures 14 and 15 in terms of Reynolde

number of transition against surface tempersture.

The kinematic viscosity varles with temperature and thus veries
across the boundasry layer. It is therefore possible to base the Reynolds
number on &t least two particuléar valuez of the kinematic viscosity:
that at the wall v end the value in the free stream vp. The Reynolds

number of the transition based on vy and the Reynolds number based on
Uy, are presented ae functlons of the temperature in figures 14 ang 15,

respectively. The length used in forming the Reynolds number is in both
cages the distance from the leading edge.

The valus of Rz for zero temperature difference between the stream
and the plate is very small, consldering the low free—stream turbulence
level existing in this tunnel, This small value of Ry 1is due to the
trensverse contamination effect dsscribed by Charters (reference 13):

The largest possible length, measured from the leading edge, of a laminar
boundary layer 1s limited by contamination from the top and the bottom.
Since the measurements had to be carried out at a low wvelocity (8.19 m/sec)
the maximum possilble Reynolds number 1s comparatively small.

Effect of Roughness Elements

The meen—speed distribution in the weake of the half-cylindrical
roughness elements of 1/8~ and 1/16—inch height have been measured with
the hot—wlre anemometer. The roughness elements were mounted on the
flat plate at a distance of 50 centimeters from the lesding edge for
the investigation of the effect in the laminar boundary layer, and at a
distance of 140 centimeters from the leading edge for the investigation
of the effect in the turbulent layer. Figuresl6 and 17 present the
results of these messurements in the case where the slement is placed
in the laminer leyer. Thres typical cases van be distinguished. At
the lowest speed (fig. 16(a)) the flow, after passing over the roughness
element, returned to the surface and continued in the laminar state for
scme distance downstream. When the volocity was increased, the flow
returned to the surface still lominer, but trensition occcurred elmost
inmediately ‘efter the leyer reached the surface of the plate (fig. 16(b)).
When the velocity was increased still further, the flow became turbulent
in the free boundery layer in the wake of the obstacle (fig. 16(c)) and
returned to the surface in the turbulent state, Figures 17(a) and L7(b)
show simllar effects behind the larger roughness element.
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The elements were then placsed in the turbulent boundary layer at a
distance of 140 centimeters from the leading edge and the mean-velocity
profiles again were measured downstream of the element. Figure 18 shows
a typlcal result of these measurements., The velocity distribution in
this figure is plotted against the logarithm of the distance from the
wall. It is seen that the velocity profile returns rapidly to a "normal"
turbulent profile, which 1s represented, of course, by a gstraight line
in the logarithmic plot. .

These experiments are not to be considered as a quantitative investi-
gation. They are intended to show the types of physical phenomenas commec-
ted with boundary-layer flow past roughness elements. A more complete _
investigation requires a larger tunnel in which thicker boundary layers
cen be obtained without Introducing secondary flow.

DISCUSSION
Mean-Velocity Profile near a Heated Wa.lll

The laminar-boundary-layer equafion in the abgence of a pressure
gradient for two-dimensional flow past & wall of negligible curvature
is

U U 3 [ 3du
Ut va Sy “ay>
if po=puly).

If the wall is approached, U and V approach zero, gnd_thyg

9 / dU
Begl.e

Hence the curvature of the velocity profile at the wall becomes

82U> 1 (Eau‘ BU)
v A =) I -
oY /y=o Hy=o \ /y=0 T /y=0

If the surface is heated, the temperaturs will drop with increasing J.
For a gas, p© increases with temperatiré, and consequently

Ju
ay<0 _ L

lMarch 1947: Mr. L. Lees has recently computed the complete tem-
perature and velocity profiles. His results have not yet been published.



14 NACA TN No., 1196

Since the velocity U 4incresses with y,

QU
o 0
S

and thus.
( > > 0
Bv y=0

if the surface temperature T. 1s higher than the free—stream temperature
T
f-

At the edge of the boundary layer, U approaches the conatant free-
stream veloclty U, asymptotically, and hence

aa
o Q
dy*® <

at the edge of the layer. Ccnsequently,

3%

m=0

3y~

at some point within the boundary layer.

The effect of surface temperature is similar to the effect of a
pressure gradient. In the case of a pressure gradient, and zero tem—
perature gradient, an anelogous dlscussion gilves

(&) i
dy*? y=0 M Ox
and thus
3%
N > > 0
oy y=0 '

if p increases with x, that 1s, in the case of an "adverse" pressure
gradlent. Both of these effects are evidently independent of p.
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Tnstability of Inflection-Point Profiles

Tollmien (reference 1) obtained the theoretical result that inflec—
tlon—-point profiles are mlweys unstable. DBesed on this result, inflsction--
point profiles have been considered as distinguished shsrply from normal
profiles, that is, profiles with negative curvature throughout. Lin's
enalysis (reference 4) shows that such a sharp distinction cannot be drawn.
Lin shows that a difference in the stability character of normal and in—
flection—point profiles becomss apparent only for very large Reynolds
numbers. The range of wave lengths of unsteble perturbations (see ref—
erences 2 to 4) tends to zero if the Reynolde number epproaches infinity
for the normal profile, but remains finlte as the Reynolds number approaches
infinity for the inflection-point profiles. This result is in fact not
contradictory to Tollmien, since Tollmien®s consideratiom exre restricted
to a nonviscous fluid, which simply means the Reynolds number approaches
infinity. Lin's considerations do show, however, that the instabllity
of & profile — that is, the critical Reynolds number, the extent of the
range of unstable wave lengths, and so forth — depends on the magnitudes
of the slope and of the curvature of the velocity profile near the wall.

In fact, 1t shows that inflection~point profiles generally do have &
lower critical Reynolds number and & larger zone of unsteble wave
lengths than normal profiles., Consequently, transition in the boundary
layer of a gas flow 1s hastened by an increased surface btemperaturs be—
cause inflection—polnt profiles develop. It is interesting to ncte
that surface temperature should have the opposite effect in e liquid;
there the viscosity decreases with increasing temperature, and con—
sequently in the velocity profile of a liquid on a heated surface

ayz y=0

Leminer Seperation and Transitlon

It has been assumed in some earlier considerations of laminar bound-
ary leyers that tramsition sets in immediately at the point of separation.
In fact, In attempts to compute and predict transition, 1t has often been
assumed that it is sufficient to show that at some place in the laminar
leyer a separation profile, that is, a velocity profile which has a normal
tangent at the wall, develops.

The results of the surveys in the weke of the obstacles show that
the exlstence of & separation profile does not necessarily lead to ;
transition. In figure 16, for example, the boundary layer is sepprated
from the solild boundary for a consildersable distance downstream from the
roughness element and still remasins laminar, even after reattackment.
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A second problem of laminer separation and tysnsition is the follow—
ing: With the assumption that the boundary layer beccmes turbulent in
the detached condition (as, for example, in Figs. 16(c) and 17(c)),
determine the velocity profile that exists after the turbulent free layer
bas reattached to the wall., The measurements (figs. 16{c) and 17(b))
show that, in the investigated configuration, the velocity profile
transforms very repldly to a normil turbulent-boundary-layer profile,
that 1s, the logarithmic—type profilo. The same rapid transformation
to & logaritimic profile also occura if the element is placed in the
turbulent layer (fig. 18),

It should be very interesting to investigate whether a turbulent
separated profile always changes to a -logartlmic profile as rapidly as
in these measurements of flow past a flat plate. For example, the in-—
fluence of sn advsrse pressure gradient and of curvature of the solid
boundary appears to be of interest in connection with the problem cof
' laminar separation and subsequent reesttackment of the boundary layer
near the leading edge of airfoils. Froblems of this kind are thought to
be gquite important in connection with the design of sharp-nose airfoils
for high-speed flow. ' ' '

CONCLUDING REMARFS

An incrcesed temperature of the wall hestens boundary—layer tran—
sition. This result confirms earlier measurements of Frick and McCullough.
In investigating the influence of surface temperature on transition, two
effects must bo distinguished: an effect due to gravitetional forces
end an effect due to the dependence of the viscosity of & ges on the
temperature. The second effect is the one investigated here and also by
Frick and McCullough. The dependence of the viscosity on the temperature,
if the fluld is a gas, leads to velocity profiles with positive curvature
at the wall and therefore greater instability for a heated wall than an
unheated one.

Furthermore, 1t is confirmed that, even with large deviation from
the Blasius condition, the velocity and temperature profiles are very
nearly identical, as predicteble theoretically for a Prandtl number o
of the order of 1.0 (for air, o = 0.76).

Studies of ailr flow in the wake of large two—dimensional roughness
elements show that a laminsr boundary layer can separate from the wall
end reattach itself without tramsition taking place. If transition
takes place in the detached layer, the velocity profile in the reattached
boundary layer will approach the normal turbulent~boundary-leyer profile
very rapidly.

Californis Institute of Technology,
Pasadena, Calif., August 28, 1946.
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